The degassing kinetics of ascending magma strongly affect eruption dynamics. The kinetics are in turn influenced by magma properties. The investigation of the relationship between magma properties and eruption dynamics is a key element in revealing the processes characterizing magmatic flows within the shallow conduit. To explore the effects of physical properties on degassing in basaltic eruptive systems, we have designed and carried out experiments on the slow decompressive response of analogue magmas, composed of silicone-oil-based suspensions, using a shock-tube apparatus. Four series of experiments were performed: 1) particle-free silicone oils with viscosity ranging from 1 to 1000 Pa s were used to constrain the liquid response; 2) silicone oils with variable proportion of suspended micrometric spherical particles were employed to assess the effect of different crystal fractions; 3) suspensions of elongated particles in silicone oils were used to investigate the role of crystal shape; 4) the effects of saturation time and pressure were examined. The rheology of both spherical-and elongated-particlebearing suspensions were characterized by concentric cylinder rotational rheometry. The flow dynamics of the bubbly fluid, from the process of bubble nucleation up to the development of a permeable bubble network, were constrained using image analysis. Different fluid regimes were distinguished: (i) nucleation, (ii) foam build-up and (iii) foam oscillation. By comparing results obtained from the different series of experiments, we were able to assess the primary role played by the presence of particles on the evolution of the gas volume fraction within the samples. Particle fraction has a dominant role at high concentration, affecting the motion of the fluid. Finally, particle shape influences the longterm degassing efficiency of the fluid. Using scaling considerations, such observations are applied to mafic to intermediate systems. The results of our experimental investigation contribute to constraining vesiculation processes in magmas of various crystallinities at shallow depths.
Introduction
The physical processes occurring within a volcanic system are manifold. The phenomena and products observed at the surface result from dynamic shifts in magmatic properties during ascent. Amongst these processes, volatile exsolution plays the fundamental role of generating the added buoyancy, which is the main driving force of ascent. Moreover, degassing can drive crystallization with dramatic rheological consequences (Chevrel et al., 2015) . Clearly, degassing kinetics are at the centre of many eruption dynamics. One example is the intimate link between the traces of degassing in eruptive products and the pressure state of the system, highlighted by Toramaru (2006) , utilising bubble number density as a proxy for decompression rate.
The nucleation and growth of bubbles during decompression has been the focus of several studies. Sparks (1978) , for instance, analytically investigated the diffusive and decompressional growth rate of a bubble in an infinite melt reservoir. Later, Proussevitch et al. (1993) included the effect of melt advection due to bubble growth. Barclay et al. (1995) modeled the instantaneous decompression in high viscosity magma of either a single bubble surrounded by an infinite melt or a thin shell bubble, mimicking a magmatic foam. Blower et al. (2001) highlighted the importance of the concentration-dependence of viscosity and diffusivity during volcanic degassing.
Several experimental contributions on both natural and analogue materials have dealt with bubble-bearing melts. MourtadaBonnefoi and Laporte (2004) investigated the effect of decompression rate on bubble number density, by using a crystal and bubble-free volatile-bearing rhyolitic melt. Bai et al. (2008) investigated the evolution of bubbles within a synthetic volatile-bearing basaltic glass, as a function of temperature at ambient pressure. Experiments conducted using analogue materials are advantageous, permitting the manipulation of the physical properties of the fluid and the initial thermodynamic state of the system, greatly simplifying investigation of the dynamics of bubbly fluids. As such, rapid decompression experiments on analogue materials have already been used to investigate fragmentation processes (e.g. Ichihara et al., 2002) . Experiments have also been performed where the bubble population present prior to decompression was well-known (e.g. Manga, 2006, 2008) or where nucleation was induced by decompression (e.g. Lane et al., 2001; Rivalta et al., 2013) . Despite progress to date, further investigations are required to map systematically the relative influences of material parameters such as liquid viscosity, amount of dissolved volatiles and suspended solid phases over the pressure and temperature conditions relevant to ascending magmas.
To date studies have focused on rapid decompression conditions in highly viscous systems (e.g. Hurwitz and Navon, 1994; Mourtada-Bonnefoi and Laporte, 2004) rather than low decompression rates in low viscosity systems (e.g. Namiki and Manga, 2006; Rivalta et al., 2013 ). Yet in natural systems, decompression rates can be as low as <0.02 MPa/s depending on the eruptive style (Fiege et al., 2014 and references within) . We therefore present a systematic study of the degassing dynamics of low viscosity analogue magmas during slow decompression conditions, assessing the effect of the varying physical properties on the degassing response of the fluid as a function of viscosity, solid fraction, and particle shapes.
Experimental setup, materials and experiments
For investigation of the degassing dynamics of decompressioninduced vesiculation in slow ascending magmas, a shock-tube ap- paratus was employed (Fig. 1) , consisting of a high-pressure transparent Plexiglas autoclave connected to a large-volume chamber at ambient pressure. The autoclave is sealed by two diaphragms. The sample (vol. ca. 20 cm 3 ) is inserted from the bottom of the autoclave (vol. 77.5 cm 3 , radius r = 1 cm). The system is pressurized under Argon gas (10 MPa) for 24 or 72 h to allow gas diffusion into the liquid. The diffusive equilibration process is monitored via the decay of pressure within the system through a set of manometers. For experiments performed after 72 h, we assume full saturation to be achieved (constant pressure). The equilibrium volatile contents were then estimated (Van der Waals's equation) to be ≈0.0095 mol, corresponding to 1.8 wt%, within the range of water content estimated from melt inclusions in arc and back-arc basin basalts, equal to 0.2-6 wt% (Metrich and Wallace, 2008) . The decompression, achieved via a valve system, is characterized by an exponential decay, approximated by two linear segments of the decompression curve: an initial decompression rate of ≈0.02 MPa/s (0-350 s) followed by a slower decompression of ≈0.0009 MPa/s (350 s to the end) (Fig. 2) . The pressure in the system is measured by two static pressure transducers. A camera (frame rate = 25 fps) tracks the dynamics of the fluid. The lighting system produces a slight increase in pressure (<1 × 10 5 Pa) and temperature (<0.2 • C/min), for a maximal change of 3.6 • C during decompression.
As a melt analogue, we used a range of Newtonian silicone oils with different viscosities (1, 10, 100 and 1000 Pa s) and a density of 0.97 g/cm 3 (all properties at 25 • C).
To study the effect of crystals on magma degassing, experiments were performed with varying quantities of ceramic microspheres (avg. diameter 83 μm; density = 0.794 g/cm 3 ). The effect of particle shape was investigated using glass fibres (length = 149 μm; diameter = 14 μm; density = 2.55 g/cm 3 ). The average aspect ratios of spherical and elongated particles were 1.09 and 10, respectively (Supplementary Table 1 ). The preparation of homogeneous particle-bearing samples was performed after Cimarelli et al. (2011) . 7  prolated  72  10  17  100  10  prolated  72  10  18  100  16  prolated  72  10  19  100  20  prolated  72  10  20  100  30  prolated  72  10  21  100  0  none  24  10  22  100  0  none  24  9  23  100  0  none  24  8  24  100  0  none  24  7  25  100  0  none  24  7/10 Four series of experiments were performed to investigate the roles of the 1) liquid viscosity, 2) suspended particle volume fraction, 3) particle shape and 4) amount of dissolved gas on the decompression behaviour of the samples. We initially investigated particle-free samples with different viscosities (1, 10, 100, 1000 Pa s) under constant argon gas pressure (10 MPa) and time (72 h) at sample saturation. Saturation pressure and time remained unchanged in the third and second series. Secondly, we investigated the effect of spherical crystals by loading silicone oil with a viscosity of 100 Pa s with ceramic microspheres at particle volume fraction φ, defined as the ratio of particle volume to the volume of particles plus fluid, of 0.01, 0.1, 0.2, 0.3, and 0.4. In the third series we tested the role of particle shape by adding elongated glass fibres (φ equal to 0.003, 0.03, 0.07, 0.1, 0.2 and 0.3) to the silicone oil (100 Pa s viscosity). Finally, in the fourth series we investigated the effects of saturation time and pressure through a sequence of experiments with a 24 h saturation time and variable saturation pressure, on 100 Pa s silicone oil (Table 1) .
Particle addition influences viscosity (e.g. Mueller et al., 2010) . Thus, we measured the viscosity of the suspensions by using a rheometer equipped with a concentric-cylinder narrow-gap geometry (MCR502 from Anton Paar). Measurements were performed at strain rates of 1, 5 and 10 s −1 and at temperatures of 21, 25 and 30 • C, in order to fully characterize the rheology of the mixtures over the range of experimental temperature (Fig. 3, Supplementary  Table 2 ). Additional strain rates (0.01 and 0.001 s −1 ), were used for samples with high solid content (φ = 0.40 and φ = 0.33 for spherical and elongated particles, respectively), to avoid transient effects and slippage along the cylinder walls (see Section 2.1).
Viscosity measurements
The results of viscosity measurements showed that mixtures with elongated particles have higher viscosities than those with suspended spheres at the same solid content (Fig. 3 , Supplementary Table 2 ), consistent with previous studies (e.g. Mueller et al., 2010) . The maximum random packing (φ m ) was experimentally determined to be 0.7 and 0.33 for spherical and elongated particles, respectively, lying between the values of φ m = 0.74 for monodisperse ordered particles and φ m = 0.64 for a random close packing of spherical particles, and close to the values previously reported for sheared suspension φ m = 0.64, 0.68 (Mueller et al., 2010 and references therein). The maximum packing fraction measured for elongated particles agrees with the results of Cimarelli et al. (2011) . According to Mader et al. (2013) , values of 0.41 and 0.65 are predicted for a mono-disperse population of particles with aspect ratios of 10 and 1.09, respectively. While the maximum packing value is only slightly higher than expected for spherical particles, the discrepancy for elongated particles might be due to sample inhomogeneity, i.e. polydisperse size of particles and aspect ratio, as well as to reproducibility limits in sample preparation (Mueller et al., 2010) .
In order to parametrize the relative viscosity η r (φ) of our mixtures, we used the semi-empirical relation valid for concentrated suspensions proposed by Costa et al. (2009) :
where φ * is the critical solid fraction at which the effect of crystals becomes dominant and the viscosity values are much higher, γ represents an estimate of the rapidity of the increase in the relative viscosity approaching the value of φ * , B is the Einstein coefficient (i.e. intrinsic viscosity) with a nominal value of 2.5, and δ controls the increase of η r at φ > φ * , and is set at δ = 13 − γ (Costa et al., 2009) . F is determined according to the following equation (Costa et al., 2009 ):
The best-fit parameters φ * , γ , ξ computed for equations (1) at strain rates of 1 s −1 , are equal to 0.65, 2, 1 × 10 −3 for spherical particles-bearing mixtures, and 0.34, 12, 1 × 10 −3 for elongated particles-bearing mixtures, respectively. Table 1 . The black arrows mark the beginning of foam build-up phase. Data were collected with a sampling rate of 0.5 Hz. At each time-step the error related to the picking of the fluid front height level lies within the point. Note that time zero corresponds to the beginning of the camera recordings, when reaching a pressure of 6 MPa (roughly 70 s after opening the valve).
Fig. 5.
Plot of the gas volume ratio of pure silicone oils (blue diamonds) and spherical (red square) and elongated (yellow dots) particle-bearing samples. The experiment number is reported above the data point. The error bars indicate the maximum error on the volume computation due to the convex shape of the rising fluid column. When error bars are missing, error is smaller than the symbol. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Experimental results

General remarks
The dynamics of bubbly fluid were investigated through image analysis. In all experiments, delayed nucleation occurred, therefore video recordings were started when the system reached a pressure of 6 MPa, tens of seconds after decompression initiation. Bubbles nucleate and grow ("nucleation phase", Section 3.2), until they develop a foam layer at the top. Bubble expansion in the foam accelerates the vertical ascent of the fluid ("foam build-up phase", Section 3.3). Eventually, when coalescence becomes dominant, the foam stops ascending, and oscillates around an equilibrium level (Section 3.4). Here, we focus mainly on the fluid dynamics during nucleation and foam build-up. A detailed description of the scaling of the dynamic processes within our experiments to the volcanic system is provided in Section 4.3.
In order to analyse quantitatively the dynamics of the ascending fluid, we parameterised the percentage increase in the flow front height of the column using the following equation:
where L 0 represents the initial length of the sample, and Lf (t) the length of the sample at a given time t. The percentage increase L t has been estimated, with a sampling rate of 0.5 Hz for a central point along the fluid surface. Fig. 4 shows plots of L t versus time for each experiment reported in Table 1 . The height of the fluid surface has been used previously to parametrize the behaviour of bubbly fluid (e.g., Namiki and Manga, 2008; Su, 2005 and references therein).
The expansion of the sample is almost entirely due to the exsolution and expansion of the gas phase. Assuming a flat liquid surface, we determined the percentage of volume increase (Fig. 5) at a given time by multiplying L by a constant factor πr 2 . However, the flow front typically displays a parabolic profile. The maximum error related to this assumption was evaluated by comparing the values of volume fractions obtained by taking two lateral points (each 5 mm apart) as a reference; the related error is minor (Fig. 5) .
Nucleation phase
The degassing history of decompressed analogues begins with the delayed appearance of isolated bubbles in the uppermost section of the sample ("first nucleation"). The ability to identify a nucleated radius depends on camera resolution. We term "nucleation" as the first appearance of a bubble with the smallest visible radius (0.05 mm). Fig. 6 shows the pressure at which the first nucleation event was observed for experiments saturated for 24 h (a) and 72 h (b). The pressure of nucleation varies with saturation time and pressure. The P required for the 24 and 72 h experiments is in the range 3-5 MPa and 4.4 to 6 MPa, respectively.
Once nucleated, bubbles start to grow and ascend toward the surface. Bubble growth rates were measured in pure silicone oils, on at least 10 bubbles picked at times between their initial appearance until bubble-bubble contact or until reaching the surface of the fluid. Growth rates increase throughout the decompression, from values of 10 −3 mm/s up to 10 −1 mm/s for later nucleated bubbles ( Supplementary Fig. 1 ). Bubble ascent rates range from less than 10 −2 mm/s for higher viscosity silicone oils (experiments 4 to 6) up to 10 −1 − 1 mm/s for lower viscosities (experiments 2 and 1, respectively).
Throughout the decompression, multiple nucleation episodes occur. Some bubbles nucleate between previously generated nuclei. A migration of the exsolution level downwards is evident in all the experiments (an example in Fig. 6e ).
Due to the intrinsic opacity of the mixtures, we did not quantify nucleation pressures for particle-bearing experiments. Nevertheless, we observed that the presence of crystals enhances the early formation of a larger number of small spherical bubbles (Fig. 7) . In experiments performed within the dilute regime (experiments 7, 8 and 14), where mixtures are still partially optically transparent, bubbles became visible at ∼6 MPa, and a progression of the nucleation surface toward the bottom of the sample was visible.
Foam build-up phase
After a certain quantity of bubbles have nucleated, an abrupt change in the rise speed of the mixture is observed, as a foam is produced at the top of the sample. This is reflected by a kink in the plot of flow front height against time (black arrows in Fig. 4) . We infer that this time marks the beginning of the foam build-up phase. For experiments 1 and 2 no foam formed and thus no foam build-up was observed. In this case, the flow regime is characterized by an almost radially uniform profile of the fluid surface and uniform bubble-size distribution.
For particle-free experiments (runs 3 to 6), we collected images corresponding to the time when the kink in L was observed (i.e. at the beginning of foam build-up phase). Then we analysed sample vesicularity φ b at that stage by measuring the surface area of bubbles lying in the focal plane, against the area of the section of the sample affected by nucleation. Vesicularity ranged from φ b of 0.19 and 0.27 for experiments 3 and 4, and from 0.23 to 0.21 for experiments 5 and 6. Even though we could not measure it, we expect the vesicularity to increase significantly, when a foam is fully developed. Foam gas volume fractions of 0.74 to >0.90 have been reported, depending on bubble shape and polydispersity (e.g. Bhakta and Ruckenstein, 1997) .
The starting time and the maximum volume fraction of the foam build-up depends on the liquid properties (mainly liquid viscosity), particle content and shape (i.e., mixture rheology). An example is shown in Fig. 5 , where particle content is plotted against gas volume ratio, computed at the end of the foam build-up phase, for particle-free and particle-bearing experiments (72 h saturation). For experiments 12 and 20, this point corresponds to the beginning of the flat section of the curves. For experiments 1 and 2, we take as a reference the gas volume fraction immediately after the initial liquid expansion due to nucleation. In either case, gas volume ratio does not change remarkably during the experiments.
In pure silicone oil experiments (Fig. 4a) , viscosity controls the ascent velocity and the total bubble volume fraction. The addition of small quantities of particles (e.g. experiments 7, 8 and 14 in Fig. 4c, d ) dramatically increases bubble volume fraction at the end of the second phase (Fig. 5) . Nonetheless, there is no linear relationship between the increase in both particle content and gas volume fraction, suggesting that the change in rheology might play a dominant role for high solid-volume fractions (see Section 4.2).
Additionally, the observation that experimental gas volume fractions are systematically lower than perfect gas law expansion reflects the importance of the nucleation kinetics. A volume of gas of 2.72 × 10 −5 m 3 is expected for 0.0095 moles of argon at 25 • C/0.8 MPa (the temperature/pressure conditions at ≈470 s, when foam build-up mainly approaches its end). Considering the initial liquid fraction, this is equivalent to a gas volume fraction of 57%, slightly higher than the maximum values in Fig. 5 and strikingly higher than for pure liquid experiments. Individual differences in the deviation of experimental points of Fig. 5 from theoretical values reflect the effect of different physical properties on the nucleation kinetics.
Foam oscillation phase
The foam ascent is interrupted when bubbles collapse to form a "slug-type" pocket of gas, either at the base or within the foam, enabling permeable outgassing (Fig. 8) . Consequently, a drop in the fluid level is observed, until newly nucleated bubbles reach the foam, restoring its thickness, subsequently inducing another bubble collapse, causing periodical oscillations of the fluid level. The time scale of such oscillations reflects the time scale of bubble coalescence and is dependent on the mixture properties (Fig. 4) .
Discussion
Bubble nucleation and growth
Bubble nucleation was observed in all experiments. Supersaturation conditions and the resultant generation of first bubbles, was generally reached tens of seconds after the decompression started. As gas solubility in our silicon oil is independent of viscosity, the main variables affecting nucleation are saturation time and pressure. Fig. 6a illustrates a slight tendency of the nucleation pressure to increase with saturation pressure. Decreasing saturation time produces a decrease in the nucleation pressure (Fig. 6a, b) .
Bubble nucleation occurs initially at the top of the sample, and successively nucleation deepens (i.e. Fig. 6e) . A similar pattern, attributed to interfacial degassing, was previously observed in decompression experiments using Gum Rosin-Acetone (hereafter GRA) mixtures (Phillips et al., 1995) . Nucleation is facilitated in proximity to the free surface, and a vertical gas profile develops in its wake. The foaming at the top of the sample steepens the concentration gradient, and this in turn enhances bubble nucleation in the region immediately below the foaming. Although a direct comparison with our experiments is not possible, numerical models imply that a deepening of the exsolution level is likely in volcanic systems. Folch (2000) performed numerical simulations of an isolated rhyolitic magma chamber connected with a central conduit, and obtained a deepening of the exsolution level in response to an exponential decrease of the pressure at the conduit entrance. More recently, Girona et al. (2014) have suggested that quiescent steady-state degassing might induce a gradual deepening of the exsolution level, reducing by several MPa the pressure at the reservoir in a timeframe of months to years.
The addition of particles, both spherical and elongated, to silicone oil strongly enhances heterogeneous bubble nucleation (Hurwitz and Navon, 1994) . Comparison of images taken at equivalent times for particle-free and particle-bearing experiments reveals a larger number of smaller bubbles in the latter (Fig. 7 , Supplementary Fig. 2) , consistent with the expected effect of particles in enhancing heterogeneous nucleation. This is already evident at small particle percentage (experiments 7, 8 and 14) . Clearly, the effect of particles in the system cannot be neglected in any realistic model. No explosive fragmentation was observed in any of our slow decompression experiment. In contrast, Rivalta et al. (2013) reported occasional observations of delayed nucleation and explosive expansion for slow decompression experiments (as low as 50-400 Pa s −1 ) in 30, 35 and 40 wt% GRA mixtures. They attributed this evidence to the large supersaturation conditions caused by homogeneous or inefficient heterogeneous nucleation. We argue that the discrepancy with our results derives from the significantly lower volatile content (≈1.8 wt%) and slightly higher diffusivity (1.4 × 10 −6 cm 2 /s) characterizing our experiments. It is noteworthy that this diffusivity value is within the range for gases in silicate melts at the relevant temperature (10 −5 -10 −9 cm 2 /s; e.g. Sparks, 1978) .
Foam build-up and effects of varying state properties
Once a sufficient number of bubbles have grown, the mixture abruptly accelerates due to bubble volume expansion at ever faster rates as evident in the flow front height profile (Fig. 4) . For particle-free experiments, the vesicularity at initial foam build-up ranges between 0.19 and 0.27. Bai et al. (2008) performed degassing experiments by heating basaltic samples at atmospheric pressure and found that for φ b > 0.18 bubble coalescence and expansion occur simultaneously; this phase lasts for about 100-200 s, during which bubbles create a foam. In our experiments, the increase in the expansion velocity of the mixture, (initiation of foam build-up), is related to bubble proximity. Vesicularity increases to a threshold (here, φ b = 0.19-0.27), above which bubbles are influenced by the surrounding bubble swarm, and expand faster, due to the diminished confining pressure. Proussevitch et al. (1993) found that enhanced growth rate results from thinner shells of viscous melt, as a smaller dynamic resis-tance is offered to bubble growth. Similarly, Barclay et al. (1995) demonstrated that the expansion time of an isolated bubble (lower vesicularity) is much higher than that of a bubble surrounded by a thin shell of magma (higher vesicularity). Vesicularity measured in the solidifying Alea lava lake (Hawaii) was found to be as low as 40% near the surface and 11% below 3 m (Peck, 1978) , suggesting that such low vesicularities may indeed also characterize magmas at very shallow levels.
In pure silicone oil experiments (3 to 6) the beginning of the foam build-up is evident at 200-225 s in Fig. 4a where the gas volume fraction increases with mixture viscosity. This may be related to the combined effect of slower bubble rise and slower liquid drainage out of the bubble walls, increasing the timescale for gas movement (Belien et al., 2010) . The time required for the fluid interstitial between two bubbles to drain, leading to wall collapse and coalescence, is longer for higher fluid viscosities (Nguyen et al., 2013) . The expansion of such trapped gas bubbles, allows for the development of a larger foam layer at the top of the fluid column, whose growth causes the observed rapid ascent of the mixture.
The three-phase mixtures, i.e. silicone oil + crystals + bubbles, exhibit further complexities. The addition of particles did not decrease gas permeability of the sample as evidenced by the lack of any delays in nucleation and foam build-up, as well as being implied by the similarity of the pressure decay curves during saturation of samples with and without particles. On the contrary, the enhancement of nucleation due to the solid particles within the fluid causes earlier foam build-up (60 to 130 s; Fig. 4c and d) for both spherical and elongated particles.
The behaviour of three-phase mixtures has been extensively studied in "bubble column reactors" (cylindrical vessels with a gas distributor at the base), where the bubbles are delivered into either a liquid phase or a liquid-solid suspension (Kantarci et al., 2005) . A decrease of the so-called gas "hold-up" (i.e. gas volume fraction) is observed with increasing concentration of solids (e.g. Mena et al., 2005 ). In fact, particle loading might play a dual role on the gas phase, as with increasing solid content, the gas hold up was first found to increase, and then subsequently to decrease, with local maxima at φ equal 0.20-0.30 (Mena et al., 2005) and less than 0.10 (Bukur et al., 1990) , respectively. Banisi et al. (1995) have suggested that small amounts of fine particles, as well as large numbers of large particles, increase gas volume fraction due to the suppression of coalescence from the fine particle matrix, or in the latter case, due to the breakup of large bubbles by particles.
At low particle contents, the crystal liquid mixture can be treated as a fluid with higher effective density and viscosity than the liquid phase (Belien et al., 2010) , but for higher crystal fractions, several additional effects might play a role. Solid particles reduce the space available for bubble expansion, generating critical conditions at lower values of vesicularity. For bubble diameters d b much larger than the dimension of the particles d, and par- (Mena et al., 2005) , as in the present study, the change in the average density of the mixture might affect the buoyancy of particles. Reduced bubble speed and therefore an increase of coalescence have been suggested to be caused both by the change of effective viscosity of the solid-liquid suspension, and by bubble-particle collision (Mena et al., 2005) .
In all of our particle-bearing experiments, gas volume fraction is higher than in particle-free experiments (Fig. 5) . This stands in apparent contrast with the literature but can be explained by the fact that particles allow for enhanced nucleation of a larger number of small bubbles, thereby increasing the gas volume fraction. Additionally, a distribution of smaller and more pervasively distributed bubbles leads to a decrease in bubble packing efficiency. Smaller bubbles are characterized by a greater Laplace pressure than larger ones, thus they are less deformable (Nguyen et al., 2013) , and this effect contributes to the increase in gas volume fraction as well. Okumura et al. (2012) found that outgassing was not effective in corundum-bearing rhyolite with <70% vesicles, due to the low corundum contact angle inhibiting heterogeneous nucleation. In contrast, our particle-bearing experiments provide ample evidence of heterogeneous nucleation. Similarly to Mena et al. (2005) , we initially observe an increase in the total gas volume fraction with solid loading for spherical particles (experiments 8 and 9), and successively, its relative decrease, for φ value equal or greater than 0.20. Elongated-particlebearing experiments behave similarly, even though they display a much more complex gas volume fraction pattern (Fig. 5) , likely related to settling of the much denser elongated particles during the experiments (see Section 2). The observed decrease of gas volume fraction with solid content is consistent with literature data (e.g. Su, 2005) . Based on the relative proportion and densities of the components (e.g. Ruzicka, 2006) , for spherical particlebearing mixtures a density decrease of only 2-7% is expected for φ = 0.01 − 0.4. On the contrary, the density of elongated particlebearing mixtures increases up to 49% for φ = 0.33, increasing bubble buoyancy. For both particle shapes, at high particle loading, bubble expansion is prevented by the volume of the solid network in the liquid, leading to a much higher bubble concentration rather than for low particle loading, and to bubble coalescence and breakup. Accordingly, measurements performed in high crystallinity (>40%) lapilli-sized scoria from ordinary (non-paroxistic) activity at Stromboli, have revealed the existence of irregular, tortuous, channel-like large bubbles, adapting to the porphyritic crystal framework. Such vesicles result from extensive coalescence of small, interconnected bubbles at the percolation threshold (Polacci et al., 2008) .
Remarkably, at the highest solid contents of both spherical and elongated-particle-bearing mixtures of our dataset (e.g. experiments 12 and 20) the gas volume fractions are low, and the curves in Fig. 4c, d exhibit low ascending velocities of the fluid. This might be related to the muffling effect on the gas phase of the solid fraction. Similar curves were observed for the vertical expansion of GRA by Stix and Phillips (2012) , particularly for 15 wt% GRA (high viscosity sample). We too observe a motion of the fluid front resembling "stick-slip" behaviour, with alternately high and low velocity of the expanding fluid. Consistent with the above, this behaviour was observed in our experiments only for high viscosity mixtures.
Finally, all the curves in Fig. 4d (except experiment 20) , show a decay after a maximum value of fluid column increase is reached. According to Tang and Heindel (2005) , the additional mechanisms through which fibres influence bubbles are: i) by increasing bubble residence time through the development of a fibre network; ii) by favouring gas channelling (for high mass fraction) and iii) in suppressing bubble breakup by damping turbulence in the fluid. Additionally, for an initial random distribution of particles, the re-orientation of the elongated particles with the flow direction might also affect the degassing properties of the fluid. In fact, elongated particles rotate about the vorticity vector of the flow (Jeffery, 1922) . In a Newtonian fluid, the fibres rotate about their axis of symmetry exhibiting as they do precession around the vorticity axis (Astruc et al., 2003) . Natural examples of elongated crystals aligned with the flow direction in granite batholiths and lava flows have been documented in previous studies (e.g. Ventura et al., 1996) . The preferential alignment of particles with the upward direction of the flow, achieved through time, might be an explanation for a more effective gas escape in our elongated particlebearing experiments.
Alternatively, "flocculation", defined as the unevenness of a fibre network, as well as the process of growth of the fibre network Table 2 Comparison between laboratory and volcano-scale dynamic conditions. The nondimensional numbers were computed for pure silicone oils from the start of the decompression until the development of the foam (phase I). The corresponding values at the volcano-scale condition are given for basaltic-intermediate composition and for the initial flow expansion below the fragmentation level. itself (Kerekes et al., 1985) , and segregation of fibres into the fluid, leading to preferential paths for gas escape, may develop. The development of regions characterized by different local mass density affects the behaviour of the gas phase. When the fibre mass fraction is high, gas channelling occurs, either by breakup of the network by larger bubbles (non-static channel) or by formation of different gas-escape pathways active on a timescale of seconds to minutes (e.g. Tang and Heindel, 2005) , and thereby increasing degassing efficiency.
Non-dimensional number
Implications for volcanic eruptions
The analysis of our suite of experiments enables the constraining of the contribution of different physical properties, i.e. fluid viscosity, particle content and shape, and saturation state, to the behaviour of the gas phase above the gas exsolution level.
Upon decompression, the dynamics of volatiles in our analogue system featured the sequence of bubble nucleation, bubble growth, and finally the development of a foam expanding within the conduit. Similarly, the generation of an expanding foam flow is expected for magmas, at pressure lower than the exsolution pressure of water and other gas phases (e.g. Massol and Jaupart, 1999; Lane et al., 2001) . To evaluate the applicability of our results to fluid dynamics within the shallow volcanic conduit, we need to consider the balance of forces acting on each fluid volume. Table 2 compares our experimental system (crystal-free experiments) to mafic magma using the ratio of the forces acting 1) on the fluid and 2) on single bubbles, from the initiation of decompression to foam generation. Calculated Reynolds numbers for phase I are 1, coherent with the observation that, in volcanic systems, the initial flow expansion below the fragmentation level is laminar (Massol and Jaupart, 1999) . The relative ratios of inertial, viscous, surface tension, buoyancy and capillary forces have been evaluated through Reynold, Eötvos, Morton bubble numbers and Capillary number for a range of bubbles diameters (Table 2), and compared to natural estimates (Manga and Stone, 1994; Belien et al., 2010; Del Bello et al., 2012; Moitra et al., 2013; Nguyen et al., 2013) . The experimental non-dimensional numbers in Table 2 were computed neglecting the role of bubbles in the rheology of the fluid. Indeed, given the moderate bubble concentration (φ b 0.45) and the associated low capillary numbers (Ca 0.3) during phase I, the increase in viscosity due to the presence of bubbles is weak (<25%; Manga et al., 1998) to negligible (Lane et al., 2001) . During phases II and III, a more developed foam-flow is established. Massol and Jaupart (1999) noted that short-scale longitudinal and radial variations are expected within the foam, precluding us from extending the nondimensional analysis to these phases. Furthermore, for non-dilute suspensions the bubble interactions affect bubble shape and therefore the suspension rheology cannot be easily predicted (Llewellin and Manga, 2005 and references therein). Nonetheless, we adopt an approach similar to Lane et al. (2001) and, given that properties of the bubbly fluid both in nature and in our experiments are evolving in the same direction during degassing, we expect the dynamic similarity to be valid during phases II and III.
We recall here that in our experiments, the main driving force of bubble expansion is decompressional growth, as expected for shallow conduit dynamics, where pressures are low, and decompressional expansion dominates over diffusional (Sparks, 1978) . At higher depth, or for small bubbles, diffusional growth dominates.
Additionally, we mainly investigated decompression rates on the order of 2 × 10 4 Pa s −1 . According to Namiki and Manga (2006) Consequently, we expect fragmentation to occur at higher decompression rates. The effect of particle loading on the gas phase also depends on the relative proportions and geometry. A useful indication of the style of gas-solid interaction is given by the ratio between bubble diameter and particle width: ψ (Belien et al., 2010) . Assuming a minimum bubble radius of 0.05 (detection threshold) and a maximum of 5 mm, we obtain a value of ψ ranging between 6.17-61.7 and 10.41-104.1, for elongated and spherical particlesbearing mixtures, respectively. Therefore, for a crystal population of 100 μm -which is the lower threshold for phenocrysts (Murphy et al., 2000) , our results are valid for bubbles sized 0.6-6 mm and 1-10 mm, for elongated and spherical particles respectively. Alternatively, assuming as higher threshold a crystal size of 5 cm, i.e. the lower size for megacrysts (Johnson and Glazner, 2010) , the experiments mimic the interaction of crystals with bubble sized 6-60 cm and 0.5-5.2 m for elongated and spherical particlebearing experiments, respectively.
The effect of crystallinity on degassing has important implications for shallow conduit dynamics. At Stromboli volcano, a shallow crystal-rich (ca. 50% crystallinity) magma is thought to reside over a volatile-rich and crystal-poor one (Bertagnini et al., 1999) . The crystal mush contributes to trap small bubbles, thereby increasing gas hold-up; experimental data highlighted the critical role played by the high crystal content of the shallow Stromboli magma in regulating gas flux through the system (Belien et al., 2010) . Similarly, at Mt. Yasur, interaction between partially crystallized magma (alternatively recycled rocks) and the rapidly ascending magma was inferred to occur at shallow depth (Kremers et al., 2012) . Nevertheless, crystals not only influence the movement of ascending bubbles, but also facilitate their nucleation (Hurwitz and Navon, 1994) , and both effects were taken into account in our experiments. We demonstrated that gas volume ratio is maximum in diluted and semi-diluted regimes (φ < 0.25 and φ < 0.13, for spherical and elongated particles, respectively) and decreases in the concentrated regime. At very high crystal content (φ = 0.40 and φ = 0.30 for spherical and elongated particles, respectively) the motion of the fluid front is damped and indeed, basaltic lavas with φ bigger than 0.55 have rarely been reported (Marsh, 1981) .
Hence, we stress that crystal content needs careful consideration when modelling gas dynamics within the conduit, where partially crystallized magma is often likely to reside.
Our experiments explicitly take into account the effect of particle loading on degassing in heterogeneous nucleation condition, i.e. the solid phase existed prior the decompression, thus promoting bubble nucleation. Nonetheless, crystallinity may increase in response to the drop in the liquidus temperature due to volatile exsolution. Degassing promotes crystallization, which in turn accelerates bubble nucleation by increasing water concentration in the melt fraction (Simakin et al., 1999) . However, this effect is more evident for silicic melts, as the influence of water on the liquidus temperature of more mafic melts is rather small (Simakin et al., 1999) .
By comparing the degassing history of elongated and spherical particles, we inferred a higher efficiency of the former in favouring gas escape, with important implications for magmas bearing elongated crystals. Alignment of phenocrysts or groundmass crystals was abundantly documented (e.g. Smith, 2002) , as well as reorientation of pre-existing microlites in simple shear flow (Mangan, 1998) . Despite the extensive discussion on the effect of crystals shape on magma rheology (e.g. Mader et al., 2013; Cimarelli et al., 2011) , the results on degassing of a network of acicular crystals remain underinvestigated.
Finally, another striking feature of our experiments is the observation of a cyclic foam oscillation, with a periodicity related to the time-scale of bubbles collapse, within the foam, in relatively bigger bubbles, which rise faster than the neighbour swarm of bubbles, and burst at/close to the surface. As evident from Fig. 4 , the periodicity is related to the physical properties of the fluid, with important implications for modelling oscillatory phenomena at low viscosity volcanoes. For example, lava lakes are often characterized by cyclic inflation-deflation of the magma free surface, i.e. gas piston activity (Swanson, et al., 1979) . According to Dibble (1972) , the origin of the gas piston activity is related to the occurrence of a periodical collapse and formation of a foam layer at the top of the lava column. This evidence is in agreement with our experimental observations, and requires further investigation.
Summary
We have experimentally investigated the effect of physical properties on the decompressive response of analogue fluids undergoing slow decompression. Here we summarize the main observations.
• The degassing response of the volatile-bearing samples to the decompression was characterized by three phases (nucleation, foam build-up, foam oscillation), corresponding to welldefined stages of the ascent history.
• Delayed nucleation is observed from the opening of the system that is dependent on the saturation condition (higher delay for lower saturation time and pressure).
• Bubble expansion rate increases sharply as they approach each other, leading to a quick fluid ascent (foam build-up). The vesicularity at that stage, estimated for pure silicone oils, lies in the range 0.19-0.27. The timing at which foam build up occurs is quite homogeneous in silicone oil (200-225 s) . Both spherical and elongated particle-bearing experiments show anticipated foam build-up (60-130 s), ascribed to the enhanced (heterogeneous) nucleation due to the addition of particles.
• When coalescence phenomena become dominant, the fluid either slows down or stops its ascent and starts oscillating in response to the periodical collapse of the foam into a slugtype bubble, which bursts at the surface or within the foam.
• Particle loading plays a dual role in the degassing dynamics; at low solid fraction, the addition of particles increases the gas volume fraction, accordingly with the increased bubble number density (here only qualitatively assessed). As the solid volume fraction increases, the enhancement in the nucleation due to the particles no longer balances the hindering role played by the increase in viscosity and by the volume occupied by solids.
• Elongated particles showed an increased degassing efficiency compared to the spherical ones. This evidence might be related to the ability of the shear applied from the ascending mixture to orientate the particles, causing a decrease in the viscosity hence favouring gas escape or, alternatively, to gas channelling and flocculation.
• By comparing the four series of experiments, we found that the presence/absence of particles plays the most dramatic role in determining the decompressive response of the mixture, because it strongly controls the total released gas and therefore, the extent of mixture ascent. Similarly, saturation conditions (time and pressure) affect the magnitude of degassing; i.e. poorly saturated samples will have a low level of bubble activity. The total amount of particle loading plays a secondary role at low and medium concentration, where we observed similar degassing history and values of gas volume ratios, but affect strongly the motion of the fluid at high particle concentration. Particles' shape influences the dynamics of degassing only on a long-term scale: provided enough time for rearrangement of the particle network, elongated particles increase the efficiency of degassing.
• Using scaling considerations, we demonstrate that our results are valid for basaltic-intermediate magmas at shallow depth. The importance of particles in modulating the eruptive dynamics has been previously highlighted in volcanic systems (Stromboli: Bertagnini et al., 1999; Mt. Yasur: Kremers et al., 2012) . Here we confirm the primary role played by crystallinity in shallow conduit dynamics.
